ABSTRACT How was the catalytic performance of the title catalyst influenced and enhanced by the Response Surface Methodology optimized-reaction conditions? Based on our experimental data, the effects of the Response Surface Methodology optimized reaction conditions on the catalytic performance were investigated in this paper. The experimental results show that, the micro alterations of various reaction parameter values resulted in the micro changes of cyclohexane conversion, further causing the positive and negative effects, and resulting in the synergy or the antagonism to cyclohexane conversion. The statistic study via Response Surface Methodology showed that, (1) the size order of the effects of the parameters on cyclohexane conversion was that, the quadratic terms > the mutual interaction terms ≈ the single variable terms; (2) compared to Traditional Optimization Method, Response Surface Methodology could more quickly offer the precise optimum values of reaction conditions. In the five recycle applications of the title catalyst, on average, the catalytic activity and the catalytic efficiency were respectively increased 50% and 25% than those obtained from the Traditional Optimization Method-optimized reaction conditions; (3) compared to the other similar catalysts reported in literatures, the present catalyst was a biomimetic catalyst with the highest Turnover Frequency value (6.5 × 10 5 h −1 ).
I. INTRODUCTION
Catalytic performance of any catalyst is determined by its intrinsic factors (interior structure) and external factors, such as catalytic reaction conditions. The former is the most important but the later can be not ignored. In recent years, for developing new solid catalysts and their applications, some scientists have mainly studied on improving the interior structure (intrinsic factors) of some catalysts: 1). Adjusting the ratio of active components [1] - [3] .
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The novel double perovskites microwave-absorbing materials (LaCo 1−x Cu x O 3 @PMMA (X = 0, 0.3, 0.5, 0.7, 1)) were prepared, which were excellent microwave (MW) adsorbents, among which LaCo 0.5 Cu 0.5 O 3 @PMMA showed the highest MW induced catalytic active in terms of salicylic acid removal [1] . The catalytic performances for CO oxidation over Cu-BTC (Cu-benzene-1,3,5-tricarboxylate) derivatives were studied. It has found that Cu-BTC-CO (Cu-BTC calcined under reaction carbon monoxide) showed a smaller specific surface area (8.0 m 2 /g), but presented an excellent catalytic performance, long-term stability and cycling stability with a complete CO conversion temperature VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ of 140 • C, which was ascribed to the higher Cu 2 O/CuO ratio, and so on [2] . The CuO/CeO 2 catalysts derived from Ce-BTC metal organic framework as the precursor were synthesized by various methods. The CuCeO-ETH (CuCeO prepared with ethanol as solvent) catalyst showed excellent catalytic activity for CO oxidation (T 100 = 100 • C), and also displayed high reaction stability and so on, even after three cycles. The improved catalytic performance could be attributed to easily reducible surface copper species, more Cu + , oxygen vacancies and surface lattice oxygen [3] .
2). Increasing the reusability of the actively metal components, for examples, the homogenous catalysts were changed to the heterogeneous catalysts reducing the leach of actively metal components [4] - [9] . 3). The independent active sites were formed via high-dispersedly immobilizing of active components onto nanoporous/nonporous supports, the excellent catalytic effects were achieved [5] - [9] . 4). The selectivity of product was enhanced by decreasing the polarity of support and then changing its hydrophobicity [6] , and so forth.
The researches above have made a great progress on the relationships between the catalytic performances and the interior structures of the above-mentioned catalysts (or the reaction conditions). However, there were some certain mathematical relationships over there. If these relationships and the corresponding mathematical models were established, the most optimum values of the intrinsic factors and/or the reaction conditions which influenced the catalytic performance of catalyst, would be obtained by experiments again. Finally, the higher catalytic performance and more-recycle application would be achieved.
However, an one-factor-at-a-time method, noted as a traditional optimization method (TOM), has been used to study on optimizing the relationships between the catalytic performance and the intrinsic factors [1] - [10] , and to investigate the effects of the external factors on the catalytic activity and efficiency [1] - [10] : The ratio of active components, reaction temperature, oxygen pressure, amount of catalyst and so on were optimized via TOM. Subsequently, the so called optimized ratio of active components, reaction conditions, catalytic activity, selectivity and yields of main products were obtained [1] - [10] . To the best of our knowledge, a statistical technique is seldom adopted by TOM, but separately seeking for the effect of single reaction parameter (variable) on the catalytic performance is always carried out in TOM. TOM is not only lack of the statistical analysis for the effects of reaction parameters (including the single variable and the interaction between multiple-reaction variables) on the catalytic performance, but also still ignoring of the effect of quadratic parameters. It is the most pity that, the method can not reveal some logical relationships between the reaction parameters and the catalytic activity. This is obviously that, there are shortages in the optimization method (TOM) above.
In recent years, there were many literatures reporting the successful use of response surface methodology (RSM) in various other science fields [11] - [15] . Especially in the field of catalytic chemistry, RSM optimized reaction conditions were successfully utilized to explore the preparation and/or the performance of other type catalyst [16] - [24] . The RSM-optimized reaction conditions were successfully applied to synthesize/prepare the desired catalysts [16] - [18] , to catalyze the substrates conversion [19] , [20] , and to simultaneously use for the two aspects above [21] - [24] , further offering very useful and reliable data for the corresponding chemical industry. However, it seems that, RSM was seldom used in optimizing the reaction conditions of hydrocarbon-oxidation catalyzed by the metalloporphyrinate and corresponding supported catalysts. While, the immobilized metalloporphyrinates have been used as the model of cytochrome P450 enzymes, showing increasing importance, because of their excellent catalytic performances for oxidation of hydrocarbon, good environmental protection and practicality [25] - [30] . The traditional optimization method (TOM, one-factor-at-a-time method) of optimizing reaction conditions for hydrocarbon oxidation over the immobilized metalloporphyrinates [7] , [8] has been utilized by our lab and has offered us some benefit. But the TOM shortcomings described above were still there. All of these reasons droved us to prepare nanoporous chitosan grafted cobalt tetrakis(pentafluorophenyl)porphyrinate (Co TPFPP), forming a grafted catalyst (Co TPFPP/np-CTS). The catalytic activity and efficiency of the new biomimetic catalyst were explored under RSM optimized oxidation reaction conditions. The intrinsic factors influencing the catalytic performance of the biomimetic catalyst have been analyzed and discussed [31] . However, how did the oxidation reaction conditions effect and enhance the catalytic performance of the title catalyst? What was the superiority of RSM used for optimizing the oxidation reaction conditions? For the purpose, we emphasize the study of the relationships between the catalytic performance and the external reaction parameters via the RSM optimized oxidation reaction conditions, and discuss the credibility of the RSM model. Because, usually, once a catalyst has been prepared, the remaining key issues would be how to control the external reaction conditions for the catalytic reaction.
II. EXPERIMENTAL SECTION A. PREPARATION AND CHARACTERIZATION OF THE BIOMIMETIC CATALYST
The concrete preparation procedure and characterization of the biomimetic catalyst (Co TPFPP/np-CTS) can be seen clearly in our previous research work [31] .
B. EXPERIMENTAL DESIGN AND EMPIRICAL PROCESS MODEL
The related RSM-experimental design, the resulted empirical model, and the catalytic cyclohexane oxidation experiment can be found in the supplementary materials and the text of the literature [31] , respectively. 
III. RESULTS AND DISCUSSION

A. CATALYST CHARACTERIZATION
The structure of catalyst strongly affects the catalytic performance. So, when the title catalyst was prepared, its internal structure was controlled by grafting and coordinating of Co TPFPP on nanoporous chitosan (np-CTS) at ≤ 100 • C. The stable biomimetic catalyst material with nanoporous structure, grafting and axial coordination was obtained. The preparation process, the structure of Co TPFPP/np-CTS catalyst and the effects of the internal structure factors on the catalytic performance have been described and explained in detail in the literature [31] . In addition, based on the elemental analysis of Co TPFPP/np-CTS, it was found that, C, 49.70; O, 35.74; N, 7.65; H, 6.76; F, 0.016; Co, 0.0031. So, the title catalyst was suggested to be the structure showed in Scheme 1 of the literature [31] . Fig.S2 shows TG and DSC curves of Co TPFPP/np-CTS, from which it can be seen that, at 180 • C, the title catalyst would lose approximately 4.4% of internal water molecules. This confirm that, Co TPFPP/ np-CTS had certain stability at the oxidation reaction conditions. In summary, the as-used catalyst was a robust biomimetic catalyst material with nanoporous structure, grafting and axial coordination.
B. FORMATION OF PRACTICAL RESPONSE SURFACE MODEL AND ANALYSIS OF EXPERIMENTAL DATA
A Design-Expert Software (version 8.0.5b) was used to research the experimental design, statistical analysis, and regression model. A three-level and three-factorial Box-Behnken experimental design (BBD) was carried out after comprehensively analyzing some preliminary experimental data (Fig.S3-1 to Fig.S3-4) . The three-level and threefactorial data were showed in Table S1 of the supplementary materials of the literature [31] . In the Table S1 , there were three independent variables, i.e. reaction temperature (X 1 ), reaction pressure (X 2 ), and amount of catalyst (X 3 ). All experiments were only involved three oxidation reaction parameters (reaction temperature, O 2 pressure and amount of Co TPFPP), the others were kept the constants ( When the changes in the reaction temperature, O 2 pressure, and amount of Co TPFPP (the parameters were altered only in certain ranges) were together fed to the three-level and three-factorial Box-Behnken experimental design (BBD), 17 design trials were obtained and showed in Table S2 (see the supplementary materials of the reference [31] ). In order to optimize the cyclohexane conversion (CC) of the catalytic cyclohexane oxidation over Co TPFPP/ np-CTS, the 17 trials observations were conducted at random orders, and the experimental data of CC in Table S2 were obtained. These data were resulted from the effects of reaction temperature, oxygen pressure, and Co TPFPP amount on CC. Afterwards, the second order polynomial equations (S1) and (S2) (see the supplementary materials of the reference [31] ) were used for analyzing the experimental data (Table S2) .
In order to study on the biggest effects of three catalytic oxidation reaction parameters on CC, analysis of variance (ANOVA) was also employed at the same time in analyzing the experimental data. The software automatically adopted a stepwise regression method adding variables in the earlier stage and eliminating the unimportant parameters; a backward elimination method was also used to eliminate the statistically insignificant terms (P-value > 0.05) from the equation (S2). The P-value was showed in Table 1 . The model was refitted after successive elimination of the unnecessary experimental point (i.e. reaction conditions) until an unsatisfactory fit happened, i.e. the adjusted R-square value was close to 100%. Because the backward elimination method seldom miss significant predictors that exhibit significant effect only in the presence of some other variables [32] . Table 1 (Table S2) were also offered at the same time.
This equation stands for the regression model of reaction temperature, reaction pressure, and amount of Co TPFPP.
More importantly, the effects of reaction temperature, oxygen pressure and amount of Co TPFPP on cyclohexane conversion (CC), and the effects of parameter interactions on CC were also obtained, which were showed in Fig.1 and Fig.2 , respectively called as two dimensional (2D) prediction profilers and three dimensional (3D) response surface plots.
From the two types of plots, it can be more intuitively understood that the effects of the oxidation reaction parameters on cyclohexane conversion (CC), which were resulted from the single variables, their quadratic parameters and interaction terms.
The equation (S3) shows that, CC had linear and quadratic relationships with the three oxidation reaction condition factors. It is found via analysis of variance that, (1) the quadratic terms (X 2 2 , X 2 3 , and X 2 1 ) resulted in the most significant effect on CC. Because, compared with the other parameter terms, their regression coefficients were the most negative values, which had the biggest antagonistic effects (from -10.84 to -17.61) [33] , [34] and were the biggest F values (from 617 to 342) and the less than 0.0001 of P-values; (2) the parameter interactions (X 1 X 2 and X 1 X 3 ) and the single variables (X 3 and X 1 ) resulted in moderate significant effect on CC. This is because their regression coefficients were positive values with a synergistic effect (exception for X 3 , which had small antagonistic effect) [33] , [34] , the middle F-values (from 7 to 24) and the less than 0.1000 but the larger than 0.0001 of P-values; (3) the single variable (X 2 ) resulted in insignificant effect on CC. Although its regression coefficient was positive, compared with the other parameter terms, its F-value was the smallest and its P-value was the biggest (0.1000). Therefore, the effect on CC was insignificant. In summary, after comprehensive considerations of the estimation for the variables and the analysis of variance, the model (equation (S3)) with statistical importance was produced, and it can be used to explain the logical relationships between oxidation reaction parameters and the response values (CC).
1) EFFECTS OF THREE SINGLE PARAMETERS ON CC UNDER THE CATALYTIC OXIDATION REACTION CONDITIONS
In order to study how did the CC (response value) changes with the alterations in the particularly adjusted single factors, TOM adopted the method as following: Via adjusting the value of each variable (factor) in turn, while keeping the others as constant (Fig.S3-1 to Fig.S3-4) , the changes of CC were investigated. However, the prediction profiler in RSM offered an efficient way of changing one variable while keeping the others at zero level (i.e. 165 • C, 0.8 MPa, or 1.0 mg) to study the effect of single parameter on CC (the response) [35] , which was showed in Fig.1. From Fig.1 , the effects of three single factors on CC can be seen. First, CC increased from 29.47% to 41.85% with the increment of reaction temperature from 160.00 • C to 165.14 • C. Secondly, CC increased from 26.46% to 41.85% with the increment of catalyst amount from 0.50 mg to 0.98 mg. Thirdly, CC increased from 22.40% to 41.85% with the increment of oxygen pressure from 0.70 MPa to 0.80 MPa. Then CC decreased with the further increment of each parameter value. That CC is gradually increasing to the highest, and then gradually decreasing are known as a positive effect and a negative effect, respectively. From the viewpoint of mathematical statistics, for the temperature and the pressure, their positive effects were bigger than the corresponding negative effects, in turn, for the catalyst amount, the negative effect was dominant. So, the former is a synergy, and the later is an antagonism [16] , [19] , [22] , [24] . The positive effect on CC was because a proper temperature (or O 2 pressure, or amount of catalyst) could increase CC. This is because 1). the proper temperature caused the O-O bond of (np-CTS\TPFPP Co) 2 O 2 to break, forming a catalytic active species [7] , np-CTS\TPFPP Co=O, which could further oxidize (or transform) cyclohexane into products; 2). a certain amount of np-CTS\TPFPP Co could only bind proper amount of oxygen molecules to form a certain amount of the np-CTS\TPFPP Co=O active species, rapidly producing proper amount of active oxygen atom, and vice versa. Both situations increased CC. If over amount of catalyst were added, there were too many the active species (quickly give off over amount of active oxygen atom), np-CTS would be also oxidized, resulting in destruction of np-CTS\TPFPP Co catalyst and decrement of CC. The same situation would be happen for the over O 2 pressure. This was one of the negative effects. Another negative effect on CC was because that too high temperature or too high oxygen pressure resulted in the gradual carbonization [36] of the little part chitosan on surface of the immobilized catalyst, and then in gradual decrement of catalytic activity (or reducing CC) [8] . Or because that too many catalyst amount resulted in the 'catalyst inhibitor conversion' (or reducing CC) phenomenon [7] , [8] . Because the synergy of the temperature was bigger than that of the pressure (Fig.1) , while the catalyst amount showed the antagonism. Therefore, the size order of their regression coefficients was +1.42 > +1.08 > 2.37 (equation S3). These mathematical statistics were come from a comparison of the CC micro increment size with the CC micro decrement size, and the comparisons were carried out in a way of themselves and each other comparison. These statistics to the comparisons gave off the final effects of oxidation reaction parameters on CC, i.e. the size order of F-value, P-value and their significance. That is to say, among three single parameters, the catalyst amount showed the antagonism, being the most significant effect on CC (F-value: 18.17, P-value: 0.0053). The reaction temperature had the synergy, being second significant effect on CC (F-value: 9.19, P-value: 0.0231). The reaction pressure had small synergy, being insignificant effect on CC (F-value: 3.78, P-value: 0.1000).
Obviously, the results above tell us that, RSM could not only reflect the changing situations of CC with the parameter amount variation of the 'one-factor-at-a-time' experimental method (TOM), but also provide the significant size order of effects of the antagonism and synergy on CC.
2) EFFECTS OF THE REACTION PARAMETER INTERACTIONS ON CC
Cyclohexane conversion (CC) was also influenced by the interactions between any two variables, these influences are showed in Fig.2 (A-C) (as-called contour profiler). In fact, the interactions of any two oxidation reaction parameters, all should have positive and negative effects on CC based on Fig.2 and Fig.3 . In statistics meaning, X 1 X 2 and X 1 X 3 both showed a synergy (equation (S3)). There are some contours with different colors and shapes (ellipse or circle) in Fig.2 , those red contours located at center mean the highest zone of the response surface. The more elliptical the shape is, the stronger the effecting strength of the parameter interaction on CC is. However, the more trend to be circle the shape is, the more negligible the effect of the parameter interaction on CC is. The interaction of reaction temperature (X 1 ) and pressure (X 2 ) effected the most on CC (F-value: 23.43 and P-value: 0.0029), the next was the interaction of the temperature (X 1 ) and catalyst amount (X 3 ) (F-value: 7.27 and P-value: 0.0357). The effect of the interaction between the reaction pressure (X 2 ) and catalyst amount (X 3 ) on CC was negligible. Because the X 1 X 2 and X 1 X 3 interactions presented an ellipse while the X 2 X 3 interaction showed a circle, just like shown in Fig.2(C, A and B) . Therefore, the effect of X 1 X 2 interaction on CC was the most (the response surface was the most crooked), the next was the X 1 X 3 interaction VOLUME 7, 2019 (the response surface was more crooked); the effect of X 2 X 3 interaction was the smallest (the response surface was close to circle) (Fig.3(C, A and B) ).
For the effects of parameter interaction actions on CC: In Fig.3C , when catalyst amount reached at its zero level, considering at each given reaction temperature, the CC had micro changes in gradually increasing reaction pressure, their statistic positive effects were bigger than the corresponding negative effects. When catalyst amount reached at its zero level, considering at each given pressure, the CC had micro changes in gradually increasing reaction temperature, their statistic positive effects were bigger than the corresponding negative effects. The comprehensively statistic positive effects resulted from both situations above were bigger. So, the response surface was the most crooked. This showed the most synergy. In Fig.3A , when reaction pressure reached at its zero level, considering at each given reaction temperature, the CC had micro changes in gradually increasing catalyst amount, their statistic positive effects were bigger than the corresponding negative effects. When reaction pressure reached at its zero level, considering at each given catalyst amount, the CC had micro changes in gradually increasing reaction temperature, their statistic positive effects were smaller than the corresponding negative effects. The comprehensively statistic positive effects resulted from both were a little bigger than the corresponding negative effects. So, the response surface of Fig.3A was more crooked than that of Fig.3B . This showed more synergy. While, in Fig.3B , when reaction temperature reached at its zero level, considering either at each given catalyst amount or at each given reaction pressure, the corresponding CC had micro changes in gradually increasing reaction pressure or in gradually increasing catalyst amount. At this time, the comprehensively statistic positive effects of the reaction pressure and catalyst amount on CC, were almost equal to the corresponding statistic negative effects. Therefore, the interaction between the catalyst amount and the reaction pressure resulted in the response surface being close to circle (Fig.3B) . So, the interaction was very insignificant to CC, being negligible.
The contour profilers could be also used for seeking the highest cyclohexane conversion for optimum cyclohexane oxidation reaction conditions. By using these contour profilers in turn (Fig.2(C, A and B) ), the highest CC was found, and then the precise optimum oxidation reaction condition values were obtained. These optimal values, in fact, were automatically offered by RSM. Subsequently, cyclohexane oxidation trials under the RSM optimized reaction conditions could be carried out. Then the highest catalytic performance of Co TPFPP/np-CTS was obtained. Obviously, under the intricately multiple-reaction-parameter-influencing conditions, the effects of the interactions between any two oxidation reaction variables on the catalytic activity (CC, TON, and TOF) could not be seen using TOM (Fig.S3-1 to Fig.S3-4) . In addition, RSM could give the precise optimum oxidation reaction condition values: 165.14 • C of reaction temperature, 0.80 MPa of oxygen pressure, and 0.98 mg of catalyst amount (see Fig.2(A, B and C) ). But TOM could not give the precise reaction condition values. These are the shortcomings of TOM, having been especially pointed out above.
3) EFFECTS OF THE QUADRATIC TERMS ON CC
In fact, with gradually increasing of the values of the three oxidation reaction parameters, the CC all should more or less show in positive and negative effects (Fig.3) . When an oxidation reaction parameter was changed in its allowed range, such as, the reaction temperature was gradually changed from 160 to 170 • C, the positive and negative effects on CC, were respectively produced, i.e. CC first increased and then decreased. According to mathematical statistics, if the positive effect is bigger than the negative effect on CC, the regression coefficient should be positive value, in turn, being negative value. These are so-called the synergistic effect and the antagonistic effect [16] , [19] , [22] . From the equation (S3), it can be seen that, the coefficients of the quadratic terms were all negative, and the size order was X 2 1 > X 2 3 > X 2 2 . However, from Table 1 , it can be seen that, the corresponding F-values showed the size order: X 2 2 > X 2 3 > X 2 1 . This means that, X 2 1 had the smallest antagonistic action to CC, while X 2 2 had the most antagonistic action to CC. Therefore, X 2 2 had the most significant effect on CC, because the F-value (617.17) was so large that enough to show the statistic significance [24] ; X 2 1 had third significant effect on CC, because the F-value was 342.03. These were obtained from carrying out statistics of data in Fig.3 . These statistics and prediction could not be done by TOM. However, RSM could use the way of comparison and statistics for those. For the temperature itself, at the each given catalyst amount (Fig.3A) and under the each given pressure (Fig.3C) , the CC all increased to the highest, displaying the positive effect, and then all decreased with the increment of reaction temperature, displaying the negative effect. Because the later was bigger than the former according to the mathematical statistics. So, the regression coefficient of X 2 1 was negative (č10.84). For the catalyst amount itself, at the each given temperature (Fig.3A) and under the each given pressure (Fig.3B) , the CC all increased to the highest, displaying the positive effect, and then all decreased with the increment of catalyst amount, displaying the negative effect. Because the later was bigger than the former according to the mathematical statistics. Therefore, the regression coefficient of X 2 3 was also negative (č17.61). For the reaction pressure itself, at the each given temperature (Fig.3C ) and under the each given catalyst amount (Fig.3B) , the CC all increased to the highest, showing the positive effect, and then all decreased with the increment of reaction pressure, showing the negative effect. Because the later was bigger than the former according to the mathematical statistics. So, the regression coefficient of X 2 2 wasč18.22. All these statistics above were built upon the positive and negative micro changes of CC, which were resulted from the micro alterations of the values of three parameters. Obviously, either the synergy or the antagonism resulted from X 2 2 (Fig.3C or 3B) were bigger than those resulted from X 2 3 ( Fig.3A and 3B) ; the synergy resulted from X 2 3 ( Fig.3A and 3B ) both were bigger than the synergy resulted from X 2 1 (Fig.3C) . Although the antagonism resulted from X 2 1 (Fig.3A) was bigger than the synergy resulted from X 2 3 (Fig.3A) , the synergy was dominant. Finally, the size order of the synergy and the antagonism, meaning the size order of the significant effects of the quadratic terms on CC, i.e. X 2 2 (F-value = 617.17) > X 2 3 (F-value = 576.44) > X 2 1 (F-value = 342.03), was offered. These were the statistic meaning about the effects of the quadratic terms on CC. In fact, for the catalytic cyclohexane oxidation, usually, the reaction temperature is first preferred on great attention than other reaction factors. However, the influencing results of the quadratic terms on CC hint us that, O 2 pressure is really the most key factor.
It is obviously that, relative to TOM technique, how did the oxidation reaction conditions effect and enhance the catalytic performance of the title catalyst, the issue could be explained by the RSM optimization technique in better and in more detail. Therefore, RSM will be meaningful to quickly analyze and precisely control reaction conditions for chemicals production using computer software techniques in future.
4) THE ACCURACY OF THE PRESENT RSM OPTIMIZATION AND PREDICTION
To evaluate the optimizing and predicting accuracy of the used RSM, the BBD has also offered Fig.S1 , from which, we can see that, the experimental values of the CC, and the predicted ones, both were closely distributed beside the straight line, and R 2 was 0.996. These indicate that, the catalyzing cylohexane oxidation reaction conditions and the influencing results on CC, which were obtained via RSM optimization and prediction, were highly accurate and goodness. Because, first, the model F-value was 179.96, P > F of the model was less than 0.05, and the P-value was less than 0.0001 (Table 1) . These mean that, the model was significant and ideal one, only 0.4% of the total variations could not be explained by this model. Even the adjusted determination coefficient (Adj. R-squared) of 0.990 was enough high, i.e. the fitness between the experimental and predicted responses to CC, was also very good. There was only a 0.01% chance (that a model F-value was this large), being the product of noise in the experiments. Because the F-value of 179.96 was a large value, the regression equation (S3) above could be used to explain most of the variation in the response (CC). Secondly, the adequate precision was 39.80 (Table 1) , being much more than 4. It indicates that the model could be well employed for navigation of the design space. Thirdly, the value of the coefficient of variation (C.V%) was only 4.35%, it was so small that the accuracy obtained from the performed experiment by RSM was very high. Fourthly, the RSM-optimized key parameters could be applied to really operate the cyclohexane oxidation, getting good results as followings (section 5) and C). In a word, the present research of using the quadratic models of eq.S3 for optimizing the oxidation reaction conditions is valid, because the lack of fit was only approximately 0.5, being more than 0.1. Herein, F = MSF/MSE, where MSF and MSE stand for the mean squares of factors or interactions, and errors, respectively.
5) THE CREDIBILITY OF THE OPTIMIZED RESULTS BY RSM
In order to confirm the credibility of the fitting model for predicting the optimum CC, some model verification experiments were conducted. The combination of input variables that possibly gave the optimum CC, could be identified and optimized under a help of response optimizer [33] . After the experimental data in Table S2 [ supplementary materials in reference [31] ] were inputted, the influencing factors could be adjusted by the response optimizer, getting the optimum solution: A predicted maximum CC of 41.85% was obtained under the optimum oxidation reaction conditions (Fig.2(A, B , and C) and Table 2 ). The optimum values of the independent variables were statistically obtained under considering the range values of reaction temperature, oxygen pressure and catalyst amount. Under the optimal oxidation reaction conditions, the experimental CC was 42.18% (i.e. the average value of three experiments: 42.68%, 42.27%, and 41.59%), which was very close to the predicted value of 41.85% (Table 2) . Because the optimized values of the cylohexane oxidation reaction conditions were obtained based on the statistic analysis above, and the experimental and predicted maximum CC were very close to each other. Therefore, the credibility is very high.
To confirm the validity of the RSM-predictions to nonoptimum CC, we used prediction profiler, and randomly chose four groups of data points with different values to check the matching of experimental with predicted values (Table 2) . Obviously, the predicted values matched satisfactorily with the experimental results (CC). Therefore, the final results obtained from the RSM model which was used for optimizing cyclohexane oxidation reaction conditions over the immobilized cobalt porphyrinate catalyst, were adequately credible and satisfactory.
C. CATALYTIC ACTIVITY AND EFFICIENCY OF CO TPFPP/NP-CTS
The catalytic activity of biomimetic catalyst can be expressed with the conversion rate, TON and TOF, but TOF was preferably used as the comparison of the catalytic activity [37] . Figure 4 shows the catalytic activity and efficiency of Co TPFPP/np-CTS, the catalyst could be at least used 5 times for the cyclohexane oxidation under the RSM optimized reaction conditions, the catalyst stability was mainly decided by the covalently grafting action [31] . On average, each recycle provided approximately 6.5 × 10 5 h −1 turnover frequency and 24.2 % yields ( Fig.4A and 4B) . Compared with the optimum turnover frequencies obtained from the cyclohexane oxidation or other substrate transformations catalyzed by other similar catalysts [8] , [9] , [26] , [28] - [30] , [37] - [39] under TOM optimized reaction conditions, it is the biomimetic catalyst with the highest catalytic activity. On average, the catalytic activity (TOF) and the catalytic efficiency (i.e. yields) of Co TPFPP/np-CTS were respectively increased 50% and 25% than the corresponding values obtained from the TOM-optimized reaction conditions (Fig.4B) . This probably means that, if the other similar catalysts used for cyclohexane oxidation or other substrate transformations [1] - [10] , [26] , [28] - [30] , [37] - [39] were conducted under the RSM-optimized reaction conditions, their catalysis performances (activities and efficiencies) would be more high and excellent. It is obvious that, if TOM were adopted to optimize the reaction conditions, the precise reaction condition values would not be obtained, finally resulting in relatively less catalytic activity and yields. Although Wu and co-workers [37] have reported the new 3D covalent porphyrinic framework 36Co, which could be reused up to 15 cycles (the highest recycles) without loss of activity/ selectivity. However, the corresponding TOF was only 3434 h −1 .
IV. CONCLUSION
In summary, we used the more excellent response surface methodology (RSM), successfully to optimize the oxidation reaction conditions of cyclohexane oxidation catalyzed by the Co TPFPP/np-CTS catalyst, obtaining better catalytic activity and efficiency. For avoiding the disturbances of too many influencing factors, and emphasizing and studying the effects of external reaction conditions on CC, the effects of only three external factors on CC were investigated using RSM. The micro changes of the CC with the micro alterations of the various reaction parameter values were found, and then the positive and negative micro effects on CC were statistically counted, comprehensively compared and evaluated. The research results are as followings: 1). The quadratic terms (X 2 2 , X 2 3 , and X 2 1 ) resulted in the most significant effect on CC. The size order of statistically significant effects of the quadratic terms on CC was X 2 2 > X 2 3 > X 2 1 . 2). The mutual interactions (X 1 X 2 and X 1 X 3 ) resulted in moderate influence, in which, the effect of X 1 X 2 interaction on CC was the most, the next was the X 1 X 3 interaction. 3). The single variables (X 3 and X 1 ) resulted in moderate influence, in which, X 3 showed more significant effect on CC than did X 1 . 4). The precise optimum values of oxidation reaction conditions, i.e. 165.14 • C of reaction temperature, 0.80 MPa of oxygen pressure, and 0.98 mg of catalyst amount, could be quickly offered by RSM, but could be not provided by TOM. Under the optimal reaction conditions, Co TPFPP/np-CTS catalyst could be used at least 5 recycles, and in average each time offer approximately 6.5 × 10 5 h −1 turnover frequency and 24.2 % yields. On average, the catalytic activity and the catalytic efficiency were respectively increased 50% and 25% than those obtained from the TOM-optimized reaction conditions. 5). Compared with the similar catalysts, which were conducted under the TOM-optimized reaction conditions, the catalytic activity (TOF = 6.5 × 10 5 h −1 ) of Co TPFPP/np-CTS obtained from the RSM-optimized reaction conditions was the highest. 6). Compared to TOM, RSM is a more excellent method for optimizing the performance of the catalyst and the oxidation reaction conditions. Therefore, Co TPFPP/np-CTS is an excellent biomimetic catalyst, and RSM is a very excellent optimization method for cyclohexane oxidation conditions, with quite practical reference value for optimizing the external and/or internal effecting factors on the catalytic performance of catalyst. Especially, RSM will be meaningful to quickly analyze and precisely control reaction conditions for chemicals production using computer software techniques in future.
